In 1956 Otis and co-workers (1) compared the behavior of a single pulmonary pathway to an electrical circuit consisting of a capacitor and resistor in series with a sinusoidally varying voltage source. In a pulmonary pathway driven by a sinusoidally varying pressure, the resultant flow curve is also a sine wave and leads the pressure curve by an amount 9, which is determined by the relationship, O= tank ( 1/27rfRC), [1] where 9 is the phase angle in degrees between the pressure and flow curves, f is the frequency in cycles per second, R is resistance in centimeters of water per liter per second, and C is compliance in liters per centimeter of water. The product RC is the time constant and at any given frequency determines the phase angle of the system. A sinusoidally driven system of multiple parallel pathways can be considered as a single pathway only if the time constants of the individual pathways are the same. With different time constants, the effective resistance and compliance of the system will decrease with increasing frequency.
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Otis and co-workers observed a constant pulmonary compliance (CL) at frequencies of 10 to 120 respirations per minute in three normal subjects. Two of these subjects breathed a histamine aerosol and at 120 respirations per minute had a decrease in CL to 30 to 50% of control values before histamine. An asthmatic was shown to have a higher and more constant but nevertheless still decreasing CL following epinephrine as compared with values before epinephrine. One patient with emphysema showed marked fall of CL over the range of 20 to 55 respirations per minute. Defares and Donleben (2) reported a small percentage of normal subjects with frequency dependent pulmonary compliance. Frank, Mead, and Ferris (3) studied nine healthy elderly adults at increasing frequencies and consistently found small decreases in CL. Others (1, 4, 5) have demonstrated constant CL in normal subjects with increasing frequency.
Although the chest wall and lungs moving together determine the characteristics of the total respiratory system, the effect of respiratory frequency on total thoracic and chest wall mechanics has not been extensively studied. This study was undertaken to evaluate total thoracic, pulmonary, and chest wall compliance, resistance, and impedance as a function of frequency in normal subjects. Methods
The subjects sat in a body plethysmograph with the head protruding through a rubber neckpiece. The plethysmograph was constructed of 1-inch plywood and measured 20 X 26 X 34 inches on the inside. Sinusoidally varying plethysmograph pressures were produced by a 16-inch diameter piston driven by an electric motor at a frequency of 10 to 130 cycles per minute. The piston stroke was adjusted to produce peak to peak plethysmograph pressures of 20 to 40 cm H20. The plethysmograph pressure was measured by a Statham PM5TC strain gauge. The esophageal pressure was measured by a 15-cm long thin wall balloon attached to a 50-cm long polyethylene tube with internal diameter of 0.070 inch.
The tube was passed through the nares for a distance of 35 cm and inflated with 1 ml of air. The balloon was attached to one side of a Statham PM5TC differential strain gauge while the other side was connected to a mouth pressure tap. Air flow was measured by a warmed 400-mesh wire screen flowmeter connected to a Statham PM97TC differential strain gauge. The flowmeter was linear over the range of flow rates measured. Volume was determined by electrical integration of the flow sig-1362 nal. The output of the strain gauges was recorded on a recorder 1 at paper speeds of 25 to 100 mm per second.
The frequency response of the strain gauges and amplifier was measured by cycling pressure in the plethysmograph. The response of the Statham gauges was compared to that of a Sanborn 270 differential transducer 2 known to be linear over the pertinent frequency range. There was no difference in amplitude or phase response of the gauges over the experimental frequencies. However, at frequencies of 48 to 130 cycles per minute with the esophageal balloon and flowmeter attached to the respective strain gauges, there were phase shifts of 1.4 to 7.2 degrees when compared with plethysmograph pressure. The experimental tracings were corrected at each frequency for these shifts.
Young professional subjects without pulmonary disease were trained to relax in the plethysmograph. The physical characteristics and pulmonary functions of the nine subjects are presented in Table I . The group included habitual smokers and nonsmokers. After insertion of the esophageal balloon they sat in the plethysmograph and breathed through the mouthpiece assembly and pneumotachograph. Each series of measurements was preceded by a maximal inspiration followed by an expiration back to the functional residual capacity (FRC). At this point the motor was started. The piston was so placed as to cause an initial inspiration from the FRC. The cycling lasted for approximately 60 seconds at the lower and 20 seconds at the higher frequencies. Even at the higher frequencies there were no significant changes in FRC during the cycling. ings and represent an average of two inspirations and two expirations at each frequency; most individual measurements fell within 10% of the average. All variables were calculated from the same two inspirations and expirations. A sample of tracing is presented in Figure 1 .
Total thoracic compliance (CT) was calculated by dividing the tidal volume by the difference in plethysmograph pressures at points of zero air flow. Pulmonary compliance (CL) was calculated similarly from the transpulmonary pressure. With the compliances assumed to act in series, the chest wall compliance (Cw) was calculated from the equation, 1/Cw = 1/CT -1/CL.
[2]
The total thoracic resistance (RT) was calculated from the box pressure curve by subtracting away that pressure required to overcome elastic recoil. This method assumes that compliance is constant throughout each phase of the Respiratory compliances at a series of frequencies* (6) . (Tables II and V) .
Discussion
The method of measuring total thoracic compliance by cycling pressure around the thorax depends upon the ability of the subject to relax for 10 to 20 seconds and be passively ventilated. Each interval of pressure cycling started as an inspiration from the resting FRC. Since the piston reached its desired speed almost instantaneously, data could be obtained after the first few seconds while the subject was still relaxed from the previous passive expiration. When a subject failed to relax, it was evident from nonsinusoidal irregular flow patterns, changing phase angles, or transpulmonary pressures that exceeded the driving pressure. Of 13 subjects studied four were discarded for these reasons. Records of the remaining nine subjects revealed no evidence of voluntary respiratory activity, although the possibility that the observed changes in CT are in part due to failure to relax cannot be excluded. In so far as intraesophageal pressure changes differ from intrapleural pressure changes, the division of total thoracic resistance, compliance, and impedance into that due to lung and that due to chest wall will be in error (7). Daly and Bondurant (8) have shown that phase shifts between intraesophageal and intrapleural pressure are small. This suggests that modification of phase or amplitude of intrapleural pressure by the esophagus is not a source of large error in the division of total thoracic compliance, resistance, and impedance into its components.
Milic-Emili, Mead, Turner, and Glauser (9) have shown that balloon volume is a determinant of apparent esophageal pressure measured at the extremes of the vital capacity. In the present study inspiration was started from the FRC, which in these subjects represented approximately 38% of vital capacity, and tidal volumes were such that a level of 60% of vital capacity was seldom reached. The balloon contained 1.0 ml of air. The data of Milic-Emili and associates indicate that within this range of lung volume change, the observed pressure changes in the balloon are reliable measurements of intrapleural pressure changes. The 15-cm balloon used in the present study was placed with the balloon tip 35 cm from the nares. This avoided the lower one-third of the esophagus and its pressure artifacts. However, the top of the balloon extended into the upper third of the esophagus, in which tracheal artifacts are present upon movement of the head and neck, tracheal compression, or change in body position (10) . These artifacts should not be significant in the present study, since the subjects were held in a fixed position during the experiment by the neckpiece and mouthpiece.
Determinations of dynamic compliance are based upon the assumption that accelerative pressures are negligible and hence the pressures at instants of zero air flow relate solely to the elastic recoil of the lungs and thorax. As Sharp and co-workers have pointed out, in normal subjects breathing quietly, accelerations of 2 to 10 L per second squared are encountered; these accelerations would require pressures of only 0.02 to 0.10 cm H2O, calculated from the observed value of total thoracic inertance of 0.0098 cm H20 per L per second squared (11 In the present study resonant frequencies were not reached, even at the highest frequency of 2.2 cps. Sharp and co-workers (11) determined the mean resonant frequency of eight normal subjects to be 5.0 cps.
The compliance values CT, CL, and Cw reported here at a frequency of 10 cycles per minute are similar to values previously reported in studies in which all three were measured (Table VI) . CL has not been measured over a wide range of frequencies by the pressure cycling method. CL has been reported by several observers (1, 4, 5, 21) to remain constant in normal subjects during spontaneous breathing at increasing frequencies. All of the nine healthy elderly subjects reported by Frank and co-workers (3) showed small decreases in pulmonary compliance from a mean of 0.120 L per cm H2O at an average of 15.3 respirations per minute to 0.101 L per cm H2O at 49.2 respirations per minute. Peslin, Saunier, LaCoste, and Sadoul (22) , in nine normal young adults, found mean elastance of 4.2, 5.31, 7.1, and 11 cm H2O per L at 0 to 10, 10 to 20, 20 to 30, and 30 respirations per minute, respectively. In a study of 100 normal subjects Defares and Donleben (2) found a "small number" in whom CL fell with increasing frequency. In the four with the most marked change In the present study a significant decrease (p < 0.025) in CL was observed at frequencies of 48 cycles per minute and greater. It is unlikely that this decrease was due to alveolar closure because the cycling runs were very brief at the rapid frequencies, and the subjects performed a maximal inspiration before each trial. Furthermore, each run started as an inspiration from the normal and expiratory level, and as recorded by the volume tracing, there were no significant shifts in FRC during the cycling. The tidal volume decreased as frequency increased; this alone should not have caused the marked falls in compliance, as the experiments were run on the relatively linear part of the pressure volume curves of the lungs and thorax. Total thoracic and chest wall compliance were also found to vary inversely with frequency. If the present analog is appropriate for the chest wall, these observations suggest that the chest wall of normal subjects is composed of elements that have different time constants, a concept consistent with its structure and geometry.
Calculation of the CT from the phase angle between pressure and flow has not been previously reported although Miller and Simmons (23) have used the theory to determine CL. If the wave forms are purely sinusoidal and if the resistance, frequency, and phase angle are accurately determined, CT calculated from pressure and volume measurements will be equal to CT0 calculated from phase angle measurements. Although in this study the results (Table II and Table V) are similar, there are significant differences at the lower frequencies. This may be due to the fact that flow departed somewhat from a sine wave at low frequencies, whereas at high frequencies it followed a sine wave quite closely.
Attinger and co-workers (4) estimated RL during a respiratory cycle by subtracting the elastic component of transpulmonary pressure from total transpulmonary pressure at 0.04-to 0.10-second intervals and dividing by the instantaneous flow. In the present study, the respective pressures and flows are integrated and then divided to give a resistance for the whole cycle. Since resistance varies appreciably during the respiratory cycle, the latter value is more appropriate to use in calculations depending upon equations drawn from sinusoidal electrical circuits. In the present study RT, RL, and Rw all decreased with increasing frequency. The average flow rate was not constant; however, Mead and Wittenberger (24) have shown that, except at near maximal expiratory efforts, pulmonary resistance is not appreciably altered by changing flow rates. In seven normal subjects they found a mean pulmonary resistance of approximately 2.1 cm H2O per L per second at a flow rate of 1 L per second and 2.3 cm H2O per L per second at a flow rate of 2 L per second.
The lungs and the chest wall may each be considered as multiple parallel pathways, each path-way containing a compliance and resistance element connected in series. Otis and co-workers (1) have shown that in sinusoidally driven ventilatory systems, if. the time constants of the parallel pathways are equal, the effective compliance and resistance will be independent of frequency. If the time constants are unequal, the effective compliance and resistance will decrease with increasing frequency. The pulmonary and chest wall compliances and resistances presented here follow the prediction of Otis and co-workers for a multipathway system of unequal time constants, i.e., the effective resistance and compliance decreased with increasing frequency. Since the chest wall and lungs act in series, a decrease in pulmonary and chest wall compliance and resistance will be accompanied by a decrease in total thoracic compliance and resistance.
In a resistive-elastic system driven by a sinusoidal pressure, the magnitude of the air flow is determined by the impedance, Z, and the maximal pressure change, aP. Thus: Vm = AP/Z, [3] where 'Vm equals maximal flow rate. Impedance may further be expressed by the equation:
[4]
From the latter equation it is apparent that as the frequency increases, the term (1/27rfc) 2 approaches zero and the impedance approaches the flow resistance. In the present study ZT approaches RT as frequency increases (Tables III and IV) . Mead (25) modified the method of DuBois, Brody, Lewis, and Burgess (26) and estimated the total respiratory resistance by applying sinusoidally varying pressures at 3 to 7 cycles per second and measuring the flow rate. By Equation 3 ZT is obtained which at this frequency approaches the resistance (RT). Mead As frequency increases, pulmonary and chest wall impedances decrease and approach their respective resistances (Tables III and IV) . These impedances could be used as an estimate of pulmonary and chest wall resistance as ZT is used to approximate RT at high frequencies.
The phase angle between pressure and flow observed in the present study (Table V) is similar to those reported by DuBois and co-workers (26) . The phase angle at any given frequency is a function of the effective time constant of the system at that frequency. Total 6 by Equation 1 . At each frequency in this study the results are similar to time constants calculated from the product of the separately determined RT and CT (Table V) . The RTCT reported here are the effective time constants of the whole system. The fact that the effective time constants decrease with increasing frequency implies that the separate pathways have different time constants.
The respiratory system is composed of many elements of different composition arranged in a complex heterogenous network. It appears unlikely that even in normal subjects the different pathways of such a system could have the same time constant, although the differences are not apparent when a narrow range of frequencies is examined.
Frequency dependent compliance and resistance are important determining factors in the selection of natural breathing frequency, work of breathing, and distribution of pulmonary ventilation. In the diseases in which time constants of the separate pathways are widely variant, frequency dependence is more marked and is probably of even greater significance. Summary The effect of respiratory frequency on pulmonary mechanics was studied systematically in nine healthy subjects who sat in a body plethysmograph with the head protruding while respiration was driven by sinusoidal plethysmograph pressures at a series of frequencies from 10 to 132 cycles per minute.
The total thoracic, pulmonary, and chest wall compliances and resistances varied inversely with frequency of respiration. The variations are not significant over a narrow range of frequencies. The total thoracic, pulmonary, and chest wall impedances varied inversely with frequency and approached their respective resistances as frequency increased. The phase angle between pressure and flow and the time constant also varied inversely with frequency. The absolute values are generally consistent with previous limited observation at isolated frequencies or observations over a smaller range of frequencies.
The data presented here support the concept that compliance and resistance are frequency dependent even in normal subjects.
